In the assay of phosphofructokinase (PFK) from endosperm of germinating castor bean (Ricinus communis L.) there is a transient stimulation of initial activity by fructose 2,6-bisphosphate. This 
can be reversibly interconverted by certain metabolites. They report that these interconversions occur in extracts from a range of tissues (1, 21) and suggest that such changes contribute to the regulation of glycolysis in plants by varying the proportions of PFK and PFP in vivo (1). The apparent conversion of PFP to PFK is mediated by Fru-2,6-P2 (2). A central feature of this conversion is a change in PFK from a kinetically linear form to a hyperactive form, in which an initial high activity declines to a lower, constant rate (2).
The evidence for the above interconversions is inconclusive.
The kinetic data have been reinterpreted as indicating that PFK and PFP are separate, distinct enzymes that are differentially activated by the effector metabolites (7) . This latter explanation would require that PFK is stimulated by Fru-2,6-P2. Although Fru-2,6-P2 is an extremely potent activator of mammalian PFK (18) , it appears to have little effect on plant PFK. As described below, we have been unable to confirm the single report on ' This work was supported by the Natural Science and Engineering
Research Council of Canada.
2Abbreviations: Fru-6-P, fructose 6-phosphate; Fru-2,6-P2, fructose 2,6-bisphosphate; PFK, phosphofructokinase (EC 2.7. (19) . Auxiliary enzymes were dialyzed before use.
Enzyme Assays. PFK and PFP were measured as described previously (14) . The reaction mixture for the assay of PFK contained, in 1 ml: 50 mm Hepes-NaOH (pH 7.0), 5 mM MgC92, 5 mM Fru-6-P, 1 mM ATP, 0.1 mm NADH, 1 IU aldolase, 10 IU triose-P isomerase, 1.2 IU glycerol 3-P dehydrogenase, and up to 50 ul extract. The assay conditions for PFP were identical to those of PFK, except that 0.2 mM PPi replaced ATP, and the assay included 1 gM Fru-2,6-P2.
Other enzymes were measured as follows: hexosephosphate isomerase (10), inorganic pyrophosphatase (10), fructose 6-phosphatase (11). ATPase was assayed by measuring Pi release exactly as described previously for inorganic pyrophosphatase (10), except that 1 mm ATP replaced PPi.
Separation of PFP and PFK. All procedures were carried out at 4°C. Endosperm (20-30 g fresh weight) from 25 to 40 44-old castor bean seedlings was homogenized in a Waring Blendor with two volumes of 100 mM Hepes-NaOH (pH 7.5), 2 mM MgCI2, 1 mm EDTA, 14 mm 2-mercaptoethanol, 1 mM phenylmethylsulfonylfluoride, 1% (w/v) PVP. The homogenate was filtered through two layers of cheesecloth and then centrifuged at 13,000g for 20 min. The resulting supernatant was filtered through two layers of cheesecloth to remove the fat layer, and PEG (about mol wt 8,000) was added to the filtrate. The material that precipitated between 3 and 15% (w/v) PEG was collected KRUGER AND DENNIS by centrifugation (1 3,000g, 20 min) and redissolved in about 20 ml of 20 mm imidazole-HCl (pH 7.2) containing 80 mM KC1. The extract was applied, at 30 ml/h, to a DEAE-Sephacel column (1.6 x 17 cm) equilibrated with 20 mM imidazole-HCl (pH 7.2), 80 mM KCI. The column was washed with 120 ml equilibrating buffer, and then a linear gradient (I120 ml) of 80 to 500 mM KCI in 20 mm imidazole-HCl (pH 7.2). PFP activity did not bind to the column and was collected in the void volume. As described previously (8, 17) , PFK eluted as two separate peaks at conductivities of 9 and 19 mmho. These peaks represent the cytosolic and plastid PFK isozymes, respectively (8, 17) .
Purification of Plastid PFK. Plastid PFK was separated from the cytosolic isozyme by ion-exchange chromatography as described above. The second peak of activity, eluting between 18 and 21 mmho, was diluted with two volumes of 10 mm imidazole-HCI (pH 7.5), and then applied, at 30 ml/h, to an AMPagarose column (0.9 x 7 cm) equilibrated with 20 mm imidazole-HCI (pH 7.2), 80 mm KC1. The column was washed with 20 ml of equilibrating buffer, and then PFK was eluted by 1 mM ATP in the same buffer. The fractions containing the peak of PFK activity were combined to yield purified plastid PFK. Immediately before use, up to 2 ml of the purified PFK were passed through a Sephadex G-25 column (1.6 x 5 cm) equilibrated with 20 mm imidazole-HCl (pH 7.2), 80 mM KCI to remove ATP.
Protein was measured according to Bradford (3) after precipitation by 5% (w/v) TCA. Bovine y-globulin was used as a standard.
Measurement of Pyrophosphate. PPi present in ATP preparations was measured enzymically using Propionobacteriumfreudenreichii PFP (5). The reaction mixture contained, in 1 ml: 50 mM Hepes-NaOH (pH 7.4), 5 mM MgC92, 5 mM Fru-6-P, 0.1 mM NADH, 1 IU aldolase, 10 IU triose-P isomerase, 1.2 IU glycerol 3-P dehydrogenase, 0.3 IU PFP, and extract containing up to 20 nmol PPi. The assay was started by adding PFP.
RESULTS
The behavior of PFK in crude, desalted homogenates of endosperm from germinating castor beans was similar to that reported previously (2) for the enzyme from spinach leaves. In the presence of Fru-2,6-P2, PFK was apparently converted from a kinetically linear form -to one displaying an initially higher activity (Fig. 1) . This apparent hyperactive form could be induced either by preincubating PFK with 20 Mm Fru-2,6-P2 as described by others (2), or by including 1 uM Fru-2,6-P2 in the assay mixture. The activity in the presence of Fru-2,6-P2 rapidly declined to a constant rate which was the same as that measured in the absence of Fru-2,6-P2 (Fig. 1) . The effect of Fru-2,6-P2 was variable and depended on the source of ATP. Both the initial rate and the time taken to attain the slower, linear rate differed between batches of ATP (Table I) . However, in each instance, the final PFK activity was the same (Table I) .
Since the above extracts contain significant amounts of PFP activity (14) , Ppi, which is a minor contaminant of ATP, might contribute to the initial, transient burst of activity in the presence of Fru-2,6-P2. Investigating this possibility, we obtained the following results. First, under the conditions used in the PFK assay, the activity of PFP in the extracts was 20.57 ± 0.07 nmolmin'. mg-' protein, which was greater than the highest initial apparent PFK activity. This activity showed the expected dependence on Fru-2,6-P2 (10). Second, the commercial ATP preparation used for the assays shown in Figure I was contaminated with 2.73 ± 0.06 mmol PPi/mol ATP. This level of contamination is more than sufficient to account for the increased rate in the presence of Fru-2,6-P2 (Fig. 1) activity is due to metabolism of a limited amount of PPi in the ATP by PFP in the extract. We confirmed the above conclusion by studying partially purified PFK which contained no PFP. In contrast to a previous report on spinach leaves (2), unpublished work from our laboratory indicates that both cytoplasmic and plastid PFK from germinating castor bean endosperm can be cleanly separated from PFP by ion-exchange chromatography on DEAE-Sephacel. In the absence of PFP, neither cytoplasmic nor plastid PFK exhibited hyperactive kinetics with Fru-2,6-P2. For both PFK isozymes the time-course for the reaction was identical in the absence and presence of 1 gM Fru-2,6-P2. Preincubation of either enzyme preparation with 20 uM Fru-2,6-P2 for up to 30 min had no effect on PFK activity. However, if either cytoplasmic or plastid PFK was supplemented with three times as much PFP (producing a PFP/PFK ratio the same as that in crude extracts [14] ), then a Fru-2,6-P2-dependent initial burst ofactivity, similar to that described above, was found.
To check that PFP, and not some other component in the extract, was responsible for the high initial activity we studied the interaction of PFK and PFP in a more purified system. (12, 19) . The apparent activity of the purified plastid PFK preparation in the presence of varying amounts of purified PFP was studied. In the absence of Fru-2,6-P2, PFP at levels up to 10 times those of PFK had no effect on the enzyme assay. However, in the presence of 1 gM Fru-2,6-P2, PFP caused the predicted initial bursts of activity similar to that shown in Figure 1 . Both the initial activity and the time taken to reach the slower linear rate depended on the amount of PFP in the assay. Increasing the PFP/PFK ratio produced a faster initial rate which decayed more rapidly to the final activity (Fig. 2) . As found in the earlier experiments, this final linear rate was the same as that measured in the absence of Fru-2,6-P2.
The above results suggest that neither endosperm PFK isozyme is affected by Fru-2,6-P2. In previous work from this laboratory (16) , the response of developing endosperm plastid PFK to Fru-2,6-P2 was reportedly dependent on assay conditions. Therefore, we examined the effects of Fru-2,6-P2 on purified plastid PFK from germinating castor bean endosperm in more detail. PFK activity was measured at both pH 7.0 and 8.0, using eight different Fru-6-P concentrations over the range 0.25 to 10 mm at 0.2, 1, and 2 mM ATP. Neither 0.1 nor 1 ,M Fru-2,6-P2 had any significant effect on PFK activity under any of these conditions (results not shown). In addition, we investigated plastid PFK from developing castor bean endosperm. This enzyme was purified as described in Garland and Dennis (8) . The kinetic properties of this PFK were very similar to those described previously (8, 9, 16) , with the single exception that, again, Fru-2,6-P2 had no significant effect on activity. 
DISCUSSION
The apparent hyperactive kinetics reported in this paper are not due to the production of a novel form of PFK. The initial burst of activity in the presence of Fru-2,6-P2 can be explained solely by the metabolism of a small quantity of PPi present in the ATP used in the assay. The amount of PPi contamination and the PFP activity are both sufficient to account quantitatively for the observed stimulation of PFK by Fru-2,6-P2. Moreover, this effect is completely abolished if either PPI or PFP activity is absent from the assay. Supplementing the assay of either cytoplasmic or plastid PFK with increasing amounts of PFP resulted in a gradual return of the initial rapid activity.
The above explanation probably accounts for the apparent hyperactive form of spinach leaf cytosolic PFK reported earlier (2). These workers also found that Fru-2,6-P2 had no measurable effect on the final, linear rate of PFK, but only increased the initial, transient activity (cf. Fig. 1 ). The PFK preparation used in this earlier report contained considerable PFP activity (Fig. 1.  in [2] ). Two recent reports (6, 10) have also noted that ATP contains small, but significant levels of PPi. This suggests that PPi is a common contaminant ofcommercial ATP preparations, and was probably present in assays described in (2).
The results presented in this paper may also contribute to other properties of spinach leaf PFK described previously. Both Fru-6-P and ATP enhanced and, to some extent mimicked, the effect of Fru-2,6-P2 on PFK (2). Again these effects are based on measurements of initial rates taken during the first few minutes of each assay (2), and may be ascribed to metabolism of PPi by PFP. First, the apparent stimulation of PFK by Fru-6-P can be explained by contamination of this metabolite with Fru-2,6-P2 (15) . Such contamination would result in a stimulation of PFP, and an initial burst of activity analogous to that decribed above. The previous observation that, under the same conditions, PFP was also stimulated by Fru-6-P (Table II in (13) . In the presence of PPi, this contaminant generates UTP which can act as the phorphoryl donor for PFK producing an apparent PPi-dependent activity. The above results suggest that the opposite conversion, from PFP to PFK, may also be an artifact. The apparent initial activation of PFK by Fru-2,6-P2, on which this interconversion is based, is probably entirely due to metabolism of contaminating PPi by PFP. Fru-2,6-P2 had no effect on the final, linear PFK activity from spinach leaf (2). In addition, there is now no substantiated report that any higher plant PFK can be activated by this compound. We have been unable to confirm previous work on castor bean plastid PFK from our laboratory (16) , which provided the only evidence that Fru-2,6-P2 affected PFK activity from plants. In combination with previous reports (7, 13) Metabolite-mediated catalyst conversion of PFK and PFP: a mechanism of
